The microbiota-gut-brain axis is currently being explored in many types of rodent models, including models of behavioral, neurodegenerative and metabolic disorders. Our laboratory is interested in determining the mechanisms and consequences of activation of vagal afferent neurons that lead to activation of parasympathetic reflexes and changes in feeding behavior in the context of obesity. Obesity is associated with microbial dysbiosis, decreased intestinal barrier function, gut inflammation, metabolic endotoxemia, chronic low-grade systemic inflammation and desensitization of vagal afferent nerves. This review will present the evidence that altered gut microbiota together with decreased gut barrier function allows the passage of bacterial components or metabolites in obese individuals, leading to the disruption of vagal afferent signaling and consequently resulting in an increase in body weight. We first review the most recent descriptions of gut microbial dysbiosis due to a high fat diet and describe changes in the gut barrier and the evidence of increased intestinal permeability in obesity. We then will review the evidence to show how manipulating the gut microbiota via pre and probiotics can restore gut barrier function and prevent weight gain. Lastly, we present possible mechanisms by which the microbe-gut-brain axis may have a role in obesity. The studies mentioned in this review have provided new targets to treat and prevent obesity and have highlighted how the microbiota-gut-brain axis is involved.
The gastrointestinal (GI) tract has to balance two seemingly opposing functions. The digestive products of ingested food, including essential macronutrients and micronutrients, ions and water have to be absorbed across the intestinal epithelium. This vast epithelial surface represents a huge surface area that separates the outside from the inside environment and the GI tract has to maintain this barrier, whilst also allowing absorption to occur. This dual function, of absorption and protection, necessitates numerous control mechanisms, including endocrine, paracrine, neural and immune pathways. In order to fulfill these two roles, the gut is endowed with numerous sensory mechanisms to detect luminal contents and initiate changes in physiology and behavior.
Recent attention has focused on the bacteria that reside in the gut and their symbiotic relationship with the host. It is well known that the gut microbiota provide the host with a number of benefits including development of an effective immune system, provide essential vitamins for the host and have a role in the digestion of macronutrients, such as complex carbohydrates, that the host enzymes cannot digest. There is a complex interrelationship between diet, microbes and the host, all of which are dependent on each other in a dynamic way. 1 Evidence has emerged to show that the gut microbiota can also influence behavior, such as food intake and anxiety. 2 Our laboratory is interested in determining the mechanisms and consequences of activation of vagal afferent neurons, that lead to activation of parasympathetic reflexes and changes in feeding behavior. 3 This pathway is important in mediating satiety signals from the gut to the brain to regulate food intake. However, there is evidence that in obesity and in animal models of obesity, there is impairment of signaling in the gut-brain pathway. [4] [5] [6] Rats fed a high fat (HF) diet for several weeks have a higher energy intake than low fat fed lean controls. 7 This hyperphagia is accompanied by desensitization of vagal afferent neurons to gut satiety hormones such as cholecystokinin (CCK). The mechanism by which these neurons become desensitized to intestinal satiety signals, leading to increased food intake, is unknown. We hypothesize that changes in vagal afferent neurons may be driven by alterations in the gut microbiota and the intestinal epithelium. Obesity is associated with microbial dysbiosis, decreased intestinal barrier function, gut inflammation, metabolic endotoxemia, and chronic low-grade systemic inflammation. 8, 9 This review will present the evidence that altered gut microbiota together with decreases in gut barrier function allows the absorption of bacterial components or metabolites in obese individuals, leading to the disruption of vagal afferent signaling and consequently resulting in hyperphagia and increase in body weight.
ALTERED GUT MICROBIOTA IN OBESITY
The microbiota is known to digest otherwise indigestible carbohydrates, synthesize essential vitamins, educate the immune system, and protect against pathogens. 10 Germ-free C57/Blk6 mice have less body fat than those raised in conventional conditions 11 and are resistant to the obesogenic effects of a HF diet. 12 Transfer of the microbiota from either lean or obese mice to germ-free mice results in recapitulation of the donor phenotype. 13 Obese humans and animal models of obesity have comparable microbial dysbiosis when analyzed at the phylum level.
However, the specific contributions to body weight regulation of the microbiota at both the genus or phylum level are unknown.
The diversity and abundance of total bacteria increase from the proximal to the distal regions of the gut, with 10 1 cells per gram in the stomach to over 10 12 cells per gram in the colon. 16 Each GI region contains a different signature population of microbes and this signature is also influenced by diet. 17 The two most abundant phyla in the gut, the Bacteroidetes and Firmicutes, are markedly different in the feces of obese subjects compared with lean controls and in both rodent genetic models of obesity or HF diet-induced obesity. 14, 15 The Bacteroidetes/Firmicutes ratio has been shown to be influenced by the host antimicrobial response by removing α-defensin-5 (produced by Paneth cells in the gut wall) 18 and obese humans express lower amounts of α-defensin-5.
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Proteobacteria and the lesser known Deferribacteres are two important gram-negative phyla that also increase in obesity. 20, 21 Bacteria in the family Enterobacteriaceae, within the Proteobacteria phylum, are both commensal and pathogenic. 22 These bacteria have a growth advantage in an inflamed gut due to their ability to use nitrogen as an energy source. 23 A recent study investigating a specific species, Enterobacter clocae, isolated from an obese human, found that it alone can cause obesity when inoculated into a germ-free mouse. 24 Gram-negative bacteria contain lipopolysaccharide (LPS) within their outer membrane. LPS causes a robust inflammatory response through Toll-like receptor 4 (TLR4), which is located on innate immune cells, intestinal enterocytes, 25 enteroendocrine cells, 26 and neurons. 27 LPS is found at low concentrations in the blood of obese individuals, 28, 29 termed metabolic endotoxemia, and it has been hypothesized to have a role in the onset of obesity and also in inflammatory comorbidities. In experimental models of obesity induced by HF feeding, metabolic endotoxemia has also been reported. 30 Although high systemic levels of LPS associated with sepsis can induce anorexia, we hypothesized that the low, chronic levels of LPS seen in HF fed rodents might alter vagal afferent neuronal function and induce hyperphagia by inhibition of intestinal satiety signaling 31 which is further discussed below. Strategies to prevent the growth of gram-negative bacteria have been suggested to help weight loss, yet have not met with great success. For example, antibiotic administration to obeseprone genetic knockout (KO) mice can prevent weight gain 32 and reduced adipose tissue; 33 however, in humans, antibiotic use has been shown to be associated with increased body mass index 34 and increased childhood exposure to antibiotics is associated with obesity rates in later life. 35 Other methods (discussed in more detail below) have a greater potential for decreasing the abundance of gram-negative bacteria; for example, short chain fatty acid (SCFA) producing bacteria have been shown to inhibit growth Enterobacteriaceae by lowering gut pH. 36 We are interested in how changes in the gut microbiota contribute to the regulation of food intake, possibly by influencing the vagal afferent-gut-brain pathway. Two current hypotheses explaining the possible mechanisms of how the microbiota may influence body weight are:
1. microbes in obese individuals have an increased ability to extract energy from the diet which is then available to the host compared with the microbes in lean individuals, and 2. microbes in obese individuals interact with the host to promote chronic low-grade systemic inflammation driving alterations in food intake and the comorbidities seen in obesity.
Data to support the first hypothesis were obtained from studies performed in ob/ob genetically obese mice that had increased amounts of microbes from the Kingdom Archea and decreased energy in their stool. 13 However, more recent studies have shown that obesity development does not necessitate microbiota changes that result in increased energy extraction, 37 or an increase Archea abundance (personal observations, Figure 1 ). The latter hypothesis has gained support, yet the origin of inflammation is currently debated. There is evidence to suggest that the gut may be the origin of inflammation early in the response to HF diets. 20, 38 We hypothesize that inflammation is observed after intestinal barrier function is disrupted and that alterations in the microbiota-gut-brain axis drive increased food intake leading to weight gain. 8 The altered microbiota in obesity has primarily been studied in rodent obese-prone genetic models, or in rodent models of HF diet-induced obesity, once body weight gain, adiposity, and metabolic disorders are well established. 9 However, in order to understand the contribution of the GI tract and the gut microbiota to the initial alteration in food intake that lead to obesity, we described the early changes in the gut microbiota and the intestinal physiology in response to ingestion of a HF diet. Figure 1 . Signature population of microbes at the phylum level showing significant differences between the small and large intestine. A HF diet reduces diversity, total numbers, and relative abundance of selected region specific microbes. Most abundant genus in each condition is listed in italics.
Most abundant Lactococcus
We characterized the microbiota signature in the small and large intestine and found that a HF diet had region specific effects ( Figure 1 ). Bacterial diversity decreased throughout the entire intestine; however, in the small intestine, significant changes due to a HF diet showed bacterial genus abundance decreasing, while in the large intestine, bacterial genus increased in abundance. HF diet resulted in the majority of changes in the small intestine to occur within the phylum Firmicutes, at the same time causing changes within the phylum Bacteroidetes in the large intestine. 39 
MICROBE-GUT AND GUT-MICROBE INTERACTIONS: GUT BARRIER FUNCTION
The gut barrier is both an immunological, physiological and physical barrier that is highly regulated, and responsive to internal and external stimuli, such as hormones and nutrients. The immunological barrier consists of antimicrobial peptides released from Paneth cells in the intestinal wall, the immune cells within the lamina propria and Peyer's patches, and dendritic cells that have projections in between epithelial cells into the gut lumen.
The physical barrier consists of the epithelial cells connected via tight junctions, and a layer of mucus produced by goblet cells which keep the majority of luminal contents away from the epithelial cells.
Intestinal permeability is a target of interest in many GI diseases, including obesity and metabolic disease. There is evidence for an increase in intestinal permeability in obese rodents and humans. 20, 40 The physical epithelial cell barrier has two routes of passage depending on molecule size. Small molecules (less than 3.6 Å) are able to cross the barrier via the paracellular pathway through pores within the tight junctions. This allows for increased passage of ions and monomers when the intestine is actively absorbing nutrients in the fed state. However, when tight junctions are impaired, larger molecules with radii of at least 7.5 Å are able to cross via the paracellular leak pathway. 41 Larger molecules can cross the intestinal epithelium via the transcellular pathway, through either enterocyte endocytosis, immune cells, or goblet cells. The mechanisms of how bacterial components such as LPS, flagellin or peptidoglycan cross the intestinal epithelium during obesity is unknown. 42 LPS translocation occurs via chylomicrons along with fat absorption 43 and has been hypothesized to cross the leaky intestinal epithelium during obesity, 30 however, LPS (28 Å) 44 is larger than the paracellular leak pathway pores. Thus, there are three remaining possible reasons that HF fed rodents develop metabolic endotoxemia: LPS translocates due to increased luminal fat from the diet, dysbiosis leads to increased Gram-negative bacteria, or decreased barrier function leading to increased macromolecule transport via the transcellular pathway.
We have recently sought to understand how the paracellular and transcellular pathways are influenced by ingestion of a HF diet. In vivo measurement of intestinal permeability is limited to measuring the appearance of fluorescently tagged probes or lactulose/mannitol ratios in the blood. 20, 40 However, this technique provides little information on the location of the deficit or its exact nature (paracellular or transcellular, or both). We utilized an ex vivo approach to understand how ingestion of a HF diet alters gut barrier function in different gut regions and how this correlates with changes in gut microbiota and development of the obese phenotype. We found that paracellular flux in the small intestine increases after one week of a HF diet, yet transcellular flux was unaltered. The response of the large intestine to the HF diet was different; there was no change in either paracellular permeability or transcellular flux after 1 week but there was a significant increase in transcellular flux after 3 and 6 weeks on a HF diet. 39 It is of interest to note that this increase in transcellular flux in the large intestine correlated with adiposity and plasma levels of LPS binding protein (Figure 2) . Figure 2 . Schematic representation summarizing our results of a HF diet-induced obesity study. There are region and time dependent changes in microbial signature, gut barrier function, and gut cytokine expression. We hypothesis that decreased barrier function allows for the translocation of bacterial components in which alter vagal afferent nerve behavior and ultimately leads to increased food intake.
The cause and effect relationship between decreased barrier function and increased intestinal inflammation is unclear. Gut inflammation measured with myeloperoxidase, a neutrophil marker, is increased in rats after 12 weeks on a HF diet 20 and proinflammatory cytokine (tumor necrosis factor-α) expression in the ileum has been shown to be positively correlated to adiposity, which is significantly increased compared with controls after 6 weeks in mice on a HF diet. 38 We showed a positive correlation between proinflammatory cytokine IL-1β expression in the ileum with adiposity. Interestingly, we also showed that antiinflammatory IL10 decreases in the ileum after one week on a HF diet, preceeding the increases in IL-1β expression. This timing is compelling given that it occurs concurrently with increased paracellular flux and decreased Oscillospira abundance (Figure 2 ). IL10 KO mice have spontaneous colitis 45 and have increased intestinal permeability before the onset of microbiota-induced gut inflammation. 46 In vitro studies have shown that adding IL10 to the media will maintain paracellular flux in the presence of inflammatory cytokines. 47 IL10 expression in colonic immune cells is increased in rodents given Clostridum. This is particularly interesting because Oscillospira and Clostridum are in the same bacterial order. The association of increased paracellular flux with decreased Oscillospira is intriguing in light of a recent study showing that alcohol dependent subjects with high intestinal permeability had decreased Ruminococcaceae family, 48 which includes the genus Oscillospira. These observations are the first step in defining and targeting microbe-host interactions in the altered gut physiology and gut-brain axis in the onset of obesity.
The microbiota and diet may interact with many receptors including Toll-like receptors (TLRs; detecting pathogen-associated molecular patterns) or pregnane X receptor (PXR; detecting xenobiotics) which may influence the gut barrier. HF diet will increase TLR4 (detects LPS) activation on enterocytes 20 and TLR4 KO animals are resistant to the obesogenic effects of a HF diet. 49 This is in contrast to TLR5 (detects flagellin) KO mice that become hyperphagic and obese on a chow diet. 50 It has been debated that saturated fat can activate TLR4; 51 however recent evidence has shown that saturated fat stimulates fetuin A secretion from the liver, which then binds to TLR4 and promotes its incorporation into lipid rafts, a relatively more 'ordered' area in the plasma membrane enriched with glycosphingolipids and cholesterol. 52 TLR2 (detecting lipoteichoic acid) on intestinal dendritic cells has been shown to respond to capsular polysaccharide in outer membrane vesicles produced by Bacteroides fragilis, preventing experimental colitis 53 and leaky gut. 54 TLR2 has also been implicated to aid in preventing intestinal injury; Lactobacillus rhamnosus administration results in mesenchymal stem cells relocating to the intestinal crypt via TLR2, and increasing epithelial cell proliferation. 55 PXR KO mice, unable to respond to ligands from microbial protein fermentation, have increased intestinal permeability; however permeability is restored if TLR4 is also deleted, showing how fermentation products from the microbiota directly can affect gut barrier function. 56 
MANIPULATION OF THE MICROBIOTA
Previous work from investigators focused on inflammatory GI diseases have used pre and probiotics to manipulate the gut microbiota and restore gut barrier function. In the last ten years, this approach has been used in studies of obesity and metabolic disease. 57 Probiotic administration have also been a useful tool to study obesity in rodents: lactobacillus plantarum or paracasei with high fat feeding, reduced adipocyte size, body fat, and colonic IL10 was increased. [58] [59] [60] Prebiotics, fibers that enhance the growth of benificial bacteria, may be a more advantageous way to manipulate the microbiota, eliminating the issue of probiotic survival upon administration. In a meta-analysis of human obesity, increased fiber intake in the obese population led to decreased inflammation, seen through measurement of high-sensitivity C-reactive protein (hsCRP). 61 Inulin and oligofructose (a type of inulin with chain length less than 10 fructose molecules) are common prebiotics and have been shown to increase the abundance of beneficial bifidobacteria, prevent increased intestinal permeability, and decreased plasma LPS, food intake and weight gain in obese rodents. 30, 62 Recent evidence has shown that oligofructose administration increases the number of goblet cells and mucus layer as well as mucus-associated bacteria. 63 Glucooligosaccharide (GOS; dietary fiber) has also been shown to reduce cardiovascular disease marker PAI-1 when given with a HF diet. 64 SCFA production by commensal bacteria has been hypothesized to be a possible mechanism by which both administration of prebiotics and probiotics might improve disease severity in obesity. Acetate, proprionate and butyrate are the three primary SCFAs produced by bacteria from fermentation in the gut lumen; these SCFAs can also be detected in the blood. Butyrate is of particular interest because it is used as an energy source for colonocytes and has been shown to be effective in the treatment of ulcerative colitis. 45 Administration of SCFAs to germ-free mice increases colonic T regulatory cells, which are otherwise depleted in these mice. 65 G-protein coupled receptors which detect SCFA (GPR41 and 43) are found on enterocytes, enteroendocrine and immune cells, and neurons. GPR41 (FFAR3) KO mice had reduced peptide YY expression, a gut-derived hormone involved in satiety and intestinal motility. 66 Interestingly, mice with a GPR43 KO (FFAR2) fed a HF diet do not weigh significantly more than chow fed controls after 35 weeks; however during the first 20 weeks fed a HF diet, they grow at the same rate as wild-type mice on a HF diet. 67 SCFAs are one possible mechanism by which microbes benefit the host; however because they have also been shown to be increased in a human obese population, 68 we hypothesize that pre and probiotics may act via other mechanisms to produce beneficial effects. We have preliminary data from experiments in which HF diets were supplemented with either inulin or milk oligosaccharides (MO). MOs are the third largest component in milk, 69 refer to more than 200 types of small glycans, and have been shown to enhance the growth of a beneficial microbe, Bifidobacterium longum ssp. Infantis. 70 Addition of either MOs or inulin to a HF diet prevented the increase in intestinal permeability and also reduced body weight and adiposity gain. 39 Thus, there is evidence for a beneficial effect of prebiotics and probiotics in changing the gut microbiota, improving intestinal barrier function, and reducing body weight. It is interesting to note that human studies using inulin and oligofructose have not achieved the weight loss success as seen in rodent models, 71 even though inulin ingestion increases SCFAs. 72 GUT-BRAIN AND MICROBE-BRAIN SIGNALING Enteroendocrine cells (EECs) constitute less than one percent of the epithelial cells in the gut mucosa, yet produce over 30 different peptide hormones that are crucial to regulate gut function, released upon activation of their numerous luminal sensors. Nutrients will activate EECs causing the release of gut peptide hormones which act either in a humoral way on remote targets or act in a paracrine manner on vagal afferent nerves and epithelial cells. 73 EECs can sense the microbiota and bile acids through TLRs 26 and GPRs. In fact, bile acids have been shown to alter the microbiota and the receptor TGR5, found on EECs alters gut hormone GLP-1 secretion. 74 Indeed, bile acids may serve as a new target for obesity. 75 Another communication site by which EECs and microbiota interact could be through bitter taste receptors; bitter taste receptors expressed on EECs are differentially expressed after HF feeding. 76 Altogether, the data are consistent with the proposal that microbe-host interactions are able to lead to altered hormone secretion. EECs are a possible treatment target for decreased barrier function and obesity via microbe-gut-brain interactions. Evidence to support this is that prebiotic oligofructose treatment is able to increase GLP-2 secretion, which will promote a healthy epithelium by increasing proliferation and mucosal repair. 77 The microbiota-gut-brain axis was first explored in rodent models of anxiety. Probiotics (Lactobacillus) decreased corticosterone levels and stress behavior in mice and the beneficial effects of probiotics were attenuated in vagotomized animals. 78 Desensitization of the vagal afferent nerves seen in obesity occurs after six weeks on a HF diet in rodents. 79 However, we have shown that changes in barrier function happen before six weeks; there is a significant decrease in barrier function and a significant decrease in anti-inflammatory gene expression after only one week on a HF diet. 39 Given that vagal afferent nerves express many types of receptors, including TLR4 (ref. 27) and GPR40 (FFAR1), 80 other studies have sought to find luminal components that can act on vagal afferent nerves. SCFA, propionate, activates vagal afferent nerves from the portal vein in vivo leading to activation of the brain stem, but did not alter food intake. 81 Therefore, we tested whether chronic low doses of LPS could be a cause of nerve desensitization. We have recently shown that rodents given osmotic pumps of LPS in the intraperitoneal cavity leads to attenuated CCK-induced satiation and a dysregulation of anorexigenic and orexigenic expression on vagal afferent neurons which coincides with hyperphagia and obesity development. 31 LPS exposure to nodose ganglia in vitro will activate SOCS-3, a marker for leptin resistance. Therefore, we hypothesize that decreased barrier function results in luminal components coming in contact with vagal afferent nerves which leads to desensitization to gut satiety hormones. Chen et al. expanded the microbiota-gut-brain axis field by administering Escherichia coli, engineered to express N-acylphosphatidylethanolamines (NAPEs; precursor to anorexigenic lipids), to mice resulting in decreased food intake and weight gain. 82 Evidence to support our hypothesis that luminal components cross the barrier when intestinal permeability is high can result in negative outcomes has recently been published. For example, bacteroides fragilis was used to restore gut barrier function in a mouse model of autism spectrum disorder. After restoring the intestinal barrier, plasma levels of bacterial metabolite 4-ethylphenylsulfate were reduced, and behavioral parameters were improved. 54 
CONCLUSION
The microbiota-gut-brain axis is ideally poised to help us to understand the physiological changes seen in obesity. Many questions still remain concerning the complex microbe-host relationship such as the causal direction of microbiota dysbiosis, decreased gut barrier function, and gut inflammation; however, by using the approaches mentioned in this review, new targets to treat and prevent obesity will be discovered in the near future.
